Neuropsychological studies report more impaired responses to facial expressions of fear than disgust in people with amygdala lesions, and vice versa in people with Huntington's disease. Experiments using functional magnetic resonance imaging (fMRI) have con¢rmed the role of the amygdala in the response to fearful faces and have implicated the anterior insula in the response to facial expressions of disgust. We used fMRI to extend these studies to the perception of fear and disgust from both facial and vocal expressions. Consistent with neuropsychological ¢ndings, both types of fearful stimuli activated the amygdala. Facial expressions of disgust activated the anterior insula and the caudate^putamen; vocal expressions of disgust did not signi¢cantly activate either of these regions. All four types of stimuli activated the superior temporal gyrus. Our ¢ndings therefore (i) support the di¡erential localization of the neural substrates of fear and disgust; (ii) con¢rm the involvement of the amygdala in the emotion of fear, whether evoked by facial or vocal expressions; (iii) con¢rm the involvement of the anterior insula and the striatum in reactions to facial expressions of disgust; and (iv) suggest a possible general role for the perception of emotional expressions for the superior temporal gyrus.
INTRODUCTION
There has been continuing debate over the existence of separate human emotions (Darwin 1872; Cannon 1927; Oately & Johnson-Laird 1987; Gray 1990; Davidson 1992b; Ekman 1992; Lang et al. 1992) . One theory proposes a small number of basic emotions (including sadness, happiness, anger, surprise, fear and disgust), each characterized by a distinctive facial expression, physiology and evolutionary history (Ekman et al. 1972) . In support of this theory, neuropsychological studies of patients with lesions to the amygdala (Adolphs et al. 1994 (Adolphs et al. , 1995 Young et al. 1995; Calder et al. 1996) , and of patients with Huntington's disease, involving damage principally to frontostriatal regions (Sprengelmeyer et al. 1996) , have demonstrated a double dissociation in that the former show more impaired responses to facial expressions of fear than disgust, and the latter show more impaired responses to expressions of disgust than fear. This dissociation between brain regions subserving responses to facial expressions of fear and disgust has been con¢rmed in recent experiments using functional magnetic resonance imaging (fMRI). These experiments have shown activation in the amygdala in response to the facial expression of fear but not disgust (Breiter et al. 1996; Morris et al. 1996; Whalen et al. 1998) , whereas facial expressions of disgust evoked particularly strong activation in the anterior insula, perhaps re£ecting the role of this structure in the perception of disgusting oral stimuli (Phillips et al. 1997) .
These studies have relied on the use of visual stimuli, particularly facial expressions, in the examination of the neural substrate underlying perception of di¡erent emotions. Few studies have used non-visual stimuli (Imaizumi et al. 1997; Scott et al. 1997; Zald & Pardo 1997) , and there has been no functional imaging study using stimuli from di¡erent modalities to investigate the possibility of a modality-independent neural substrate underlying perception of a speci¢c emotion. We therefore aimed to investigate this by examining cerebral blood oxygenation changes induced in six individuals by facial and vocal expressions of fear and disgust.
MATERIALS AND METHODS

(a) Subjects
Six right-handed, male volunteers (mean age, 37 years (range 25^43 years); mean IQ estimate, 120) participated in four experiments in the same testing session. Exclusion criteria included history of brain injury and past and current psychiatric illness. Informed consent was obtained from the subjects after the nature and possible consequences of the experiments were explained.
(b) Experimental design
There were four 5-min experiments in total. Each experiment had a similar design, comprising ¢ve cycles of periodic alternation between 30-s epochs of emotional (A) and neutral (B) stimuli. In two experiments, subjects were presented with black-and-white grey-scale images depicting prototypical facial expressions of either fear (experiment 1) or disgust (experiment 2), contrasted with a neutral baseline expression. These stimuli were from a standard series (Ekman & Friesen 1976) depicting prototypical facial expressions of the six basic emotions, fear, disgust, anger, sadness, surprise and happiness, in addition to a neutral expression. These can be computer-transformed to create di¡erent intensities of each facial expression . As 100% neutral facial expressions (muscles relaxed) from this series can appear cold and threatening, because of the convention to signal approval in normal social interactions, we used a mildly happy expression (75% neutral, 25% happy) as the neutral baseline (¢gure 1). During each epoch (A or B), eight di¡erent standard faces (identities) from the EkmanF riesen series displaying an emotional (fear or disgust) or neutral facial expression were each presented for 3 s, with an interstimulus interval of 0.75 s.
In the other two experiments, the subjects heard non-verbal vocal sounds classi¢ed as expressing either fear (experiment 3) or disgust (experiment 4), contrasted with sounds classi¢ed as mildly happy. Non-verbal vocal sounds displaying the basic emotions above have been used in a previous study investigating perception of emotion from auditory stimuli in a patient with bilateral lesions of the amygdala (Scott et al. 1997) . These stimuli were recorded from two native English speakers (one male and one female), who were requested to generate a range of nonverbal sounds corresponding to basic emotions, including mild happiness, fear and disgust. The stimuli used in this study comprised the following: a range of di¡erent screams for fear, a range of sounds of retching for disgust, and di¡erent sounds of laughter and gasping for mild happiness. The vocal expressions were recorded on to digital audiotape (DAT) in a soundprotected environment, and digitized at 22 kHz. These were presented to six judges for categorization. Sounds recognized with 90% or greater accuracy were used in the study. In total, eight di¡erent sounds for each emotional expression (fear, disgust and mild happiness) were presented to subjects. During each epoch (A or B), eight di¡erent sounds expressing an emotional (fear or disgust) or`neutral' (mild happiness) sound were each presented for 3 s, with an interstimulus interval of 0.75 s, using software used for the presentation of the facial stimuli.
During presentation of the sounds, and during the interstimulus intervals in the two experiments with visual stimuli, the subjects viewed a central white cross on a black background.
The subjects were requested to decide the sex of each face or voice and press one of two buttons accordingly with the right thumb. The subjects were not informed that the purpose of the study was to examine the neural response to emotional stimuli. This sex-decision task has been used in previous studies investigating the neural response to emotional stimuli (Morris et al. 1996; Phillips et al. 1997 ) and allows an identical task and response across the four experiments. These studies have shown that the neural response to facial expressions of emotion does not depend on explicit instructions to attend to the emotional content of such stimuli.
The order of presentation of stimuli within each condition, the ¢rst presentation (A or B) for each experiment, and the presentation order of all experiments were counterbalanced across the subjects. In order to familiarize the subjects with the stimuli to be used in the subsequent experiments, each subject was presented with similar stimuli before the scanning procedure. To allow for practise with the button box, subjects were presented with practise stimuli (eight 100% neutral facial expressions or eight of the neutral baseline non-verbal sounds) before scanning.
Accuracy of judgement of sex for all visual stimuli was near 100%: for facial expressions of fear versus mildly happy expressions, the mean was 99% (range 95^100%); for facial expressions of disgust versus mildly happy expressions, the mean was 99% (range 98^100%). For vocal expressions of fear and disgust, the mean accuracy of judgement of sex was slightly lower: 85% (range 51^99%) and 73% (range 54^93%), respectively.
(c) Image acquisition and analysis
Echoplanar magnetic resonance brain images were acquired using a 1.5 Tesla GE Signa system (General Electric, Milwaukee, WI) retro¢tted with Advanced NMR hardware (ANMR, Woburn, MA) using a standard head coil. One hundred T2*-weighted images depicting BOLD contrast (Ogawa et al. 1990) were acquired over 5 min (for each experiment) at each of 14 near-axial, non-contiguous 5 mm-thick planes parallel to the Figure 1 . Faces from the standard set of Ekman & Friesen (1976) . Examples of faces depicting 100% neutral (a), 100% disgust (b) and 100% fear (c) are demonstrated, along with an example of a stimulus depicting a mildly happy expression (75% neutral and 25% happy) (d) used as the emotionally neutral baseline condition in both experiments using facial stimuli.
intercommissural (AC^PC) line, providing whole-brain coverage: TE, 40 ms; TR, 3 s; in-plane resolution, 3 mm; interslice gap, 0.5 mm. An inversion recovery EPI data set was also acquired at 43 near-axial 3 mm-thick planes parallel to the ACP C line to facilitate registration of fMRI data sets to the standard stereotactic space of Talairach & Tournoux (1988) : TE, 80 ms; TI, 180 ms; TR, 16 s; in-plane resolution, 3 mm; number of signal averages, 8.
The periodic change in T2*-weighted signal intensity at the (fundamental) experimentally determined frequency of alternation between A and B conditions was estimated by pseudogeneralized least-squares ¢t of a sinusoidal regression model to the movement-corrected fMRI time-series at each voxel. Maps of the squared amplitude of a sinusoidal function at the AB frequency divided by its standard error, the fundamental power quotient (FPQ ), were constructed (Bullmore et al. 1996) . Each observed time-series was randomly permuted ten times, and FPQ estimated as above in each randomized time-series, to generate ten randomized maps of FPQ for each subject in each anatomical plane. To construct generic brain activation maps which robustly identi¢ed voxels that showed the signi¢cant power of response on average over all subjects under each condition, observed and randomized parametric maps of FPQ estimated in each individual were ¢rst transformed into the stereotactic space of Talairach & Tournoux and smoothed by a Gaussian ¢lter with full width at half maximum of 11mm. The median observed value of FPQ was then computed at each voxel in standard space, and its statistical signi¢cance was tested by reference to the null distribution of median FPQ computed from the identically smoothed and spatially transformed randomized maps. For a one-tailed test of size p 0.004, the critical value was the 100 Â (17p)th percentile of this randomization distribution of median response. Voxels at which the null hypothesis was refuted were coloured and superimposed on a grey-scale template image to form a generic brain-activation map (GBAM) (Brammer et al. 1997) .
Di¡erences between the neural response to facial expressions of fear and disgust, and between the neural response to vocal expressions of fear and disgust, were tested using two planned comparisons (or contrasts). For the ¢rst contrast, the comparison was between the experiment investigating the response to facial expressions of fear compared with the neutral baseline faces, and the experiment investigating the response to facial expressions of disgust and the neutral baseline faces. This contrast aimed to identify voxels that were activated in response to facial expressions of fear to a signi¢cantly greater degree than to facial expressions of disgust, and vice versa. For the second contrast, the comparison was between the experiment investigating the response to vocal expressions of fear compared with the mildly happy sounds, and the experiment investigating the response to vocal expressions of disgust and the mildly happy sounds. This experiment aimed to identify voxels that were activated to a greater degree in response to vocal expressions of fear compared with disgust, and vice versa.
To estimate the di¡erences between experimental conditions in mean FPQ , we ¢tted the following repeated-measures analysis of variance (ANOVA) model at each voxel of the observed FPQ maps in standard space: FPQ i, j 0 + j E+e i, j . Here, FPQ i, j denotes standardized power in the ith individual under the jth experimental design, 0 is the overall mean FPQ, 0 + j is the mean FPQ under the jth experimental design, E is a dummy variable coding experimental design, and e i, j is a residual quantity unique to the ith individual. The null hypothesis of zero di¡erence in mean FPQ between experiments was tested by comparing the coe¤cient j to critical values of its nonparametrically ascertained null distribution. To do this, the elements of E were randomly permuted ten times at each voxel, j was estimated at each voxel after each permutation, and these estimates were pooled over all intracerebral voxels to sample the permutation distribution of j . For a two-tailed test of size p 0.05, the critical values were the 100 Â p/2 and 100 Â (17p/2)th percentile values of the permutation distribution. Because of the repeated-measures nature of the data, the permutation procedure was constrained so that if the FPQ observed in the ith individual in one experiment was randomly assigned a code of 1 in the permuted variable E, then the FPQ observed in the same individual under the other experimental condition was automatically assigned a code of 71 (Edgington 1980; Bullmore et al. 1998) . Di¡erences in mean FPQ between conditions were tested for signi¢cance only at those voxels which were generically activated by one or both of the conditions considered independently, thereby substantially reducing the search volume or number of tests conducted.
RESULTS
Generic activation was demonstrated in the left amygdala for perception of facial expressions of fear, and in the right amygdala^hippocampal region for perception of fearful sounds (¢gure 2a). Both facial and vocal expressions of fear activated the superior temporal gyrus (Brodmann areas (BA) 22 and 42), inferior posterior temporal gyrus (BA 37), middle temporal gyrus (BA 21), and medial frontal cortex (BA 10 and 32). (See table 1a for details of generic brain-activation foci in response to fearful face expressions, and table 1b for corresponding details of the response to fearful sounds.)
In response to presentation of facial expressions of disgust, we demonstrated activation in the left anterior insula, bilateral putamen, right globus pallidus and right caudate nucleus (striatal structures previously implicated in the response to facial expressions of disgust (Phillips et al. 1997) ), and superior, middle and inferior posterior temporal gyri (BA 22 and 42, 21, 37, respectively 
DISCUSSION
Overall, these ¢ndings provide further evidence for the di¡erential localization of the neural substrates underlying perception of visual displays of fear and disgust, and con¢rm the involvement of the amygdala in the emotion of fear. The amygdala was activated to a signi¢cantly greater extent by facial expressions of fear compared with facial expressions of disgust (table 3a) , and was also activated by auditory expressions of fear (¢gure 2a). Furthermore, the right hippocampus was activated to a signi¢cantly greater extent by both facial and vocal expressions of fear compared with those of disgust (tables 3a and 4a), which indicates a possible role of the hippocampus in perception of fearful stimuli (Gray 1982) . Other studies investigating the neural response to emotional stimuli have used non-facial or non-visual stimuli, including emotive ¢lm clips (Lane et al. 1997; Paradiso et al. 1997) , unpleasant (although not speci¢cally disgusting) odours (Zald & Pardo 1997) and spoken words (Imaizumi et al. 1997 ), but have not aimed to compare the neural response to emotional stimuli presented in two di¡erent sensory modalities.
The results also con¢rm the importance of the anterior insula, and the caudate nucleus and putamen, in the perception of facial expressions of disgust (¢gure 2b); the involvement of the latter is expected from the neuropsychological ¢ndings in Huntington's disease (Sprengelmeyer et al. 1996) . The anterior insula in particular was activated to a signi¢cantly greater extent by facial expressions of disgust compared with fear (table 3b), con¢rming the ¢ndings of a previous study (Phillips et al. 1997) . Neither the anterior insula nor striatum, however, was signi¢cantly activated by auditory stimuli expressing the emotion of disgust (sounds of retching, etc.). Further studies with di¡erent materials will be needed to determine whether there is no supramodal neural response to disgust; all we can do at present is to note that (in contrast to our results for fear), we did not ¢nd such a region for disgust even though the facial expressions were derived from a wellvalidated set and the sounds we used could be readily identi¢ed by control subjects. The anterior insula has an important role in feeding-related functions, including taste processing and vomiting; the insular cortex is also implicated in the receptive aspects of language perception (Augustine 1996) . Activation of the anterior insula speci¢cally in response to facial expressions of disgust may therefore re£ect the role of this structure in perception of oral gestures, in particular those related to expulsion or spitting out of unpleasant substances. Future research investigating the neural response to facial displays of disgust and aversive gustatory stimuli within the same individuals will help to clarify the extent to which this is the case. The only region activated by all four types of emotional stimuli was the superior temporal gyrus. Facial and vocal expressions of fear and facial expressions of disgust also activated middle and inferior posterior temporal gyri. Previous studies have linked the sulcus between the superior and middle temporal gyri with perception of social signals from the face, including facial expressions (Kanwisher et al. 1997 ) and eye and mouth movements (Puce et al. 1998) , and the superior temporal gyrus with word perception (Wise et al. 1991; Demonet et al. 1994; Fiez et al. 1996) . Activation of the superior temporal gyrus in this study may therefore re£ect its role in deciphering emotional content from facial and vocal stimuli, and in emotional behaviour in general.
Other regions were activated by visual and vocal expressions of fear and disgust. Limbic structures, including the anterior cingulate, have been implicated in the response to threatening stimuli ). In the current study, anterior and posterior cingulate gyri were activated by vocal expressions of fear and disgust, respectively. Regions implicated previously in the response to emotive visual stimuli, including inferior posterior temporal gyrus and middle occipital cortex (Phillips et al. 1997 (32/ 46) the role of these structures in the response to emotional stimuli per se.
It is interesting that many of the brain regions activated during presentation of facial and vocal expressions were right-sided. Previous studies have provided evidence for the role of the right hemisphere in the perception of negative emotion, including fear and disgust, and the left hemisphere in the perception of positive emotion, including happiness (Davidson & Fox 1982; Davidson 1992a; Adolphs et al. 1996) . The predominance of rightsided activation in this study may therefore re£ect the role of the right hemisphere in the perception of negative emotion per se.
Although we demonstrated some activation in the putamen for facial expressions of fear, and in the caudate nucleus for vocal expressions of fear, a greater number of activated voxels was demonstrated in these regions for facial expressions of disgust. Similarly, we demonstrated some activation in the right amygdala/hippocampus in the response to facial expressions of disgust, but a greater number of activated voxels in the amygdala region in the response to fearful stimuli of both modalities. Our ¢nd-ings therefore support the presence of a di¡erential neural response to facial stimuli expressing fear and disgust, and con¢rm the role of the amygdala in the emotion of fear, whether evoked by facial or vocal expressions. Our results also con¢rm the involvement of the anterior insula and the striatum in reactions to facial expressions of disgust. In addition, our ¢ndings indicate a role of the hippocampus in perception of fearful stimuli, and a possible general role in perception of emotional stimuli for the superior temporal gyrus. In evolutionary terms, this would suggest that it is important that our ability to recognize and respond to a potentially harmful stimulus (one displaying fear or disgust) is appropriate and rapid, irrespective of the type of sensory information (visual or auditory) initially obtained from the stimulus. The superior temporal gyrus is perhaps involved in the mediation of the overall response to such emotional stimuli, whereas more specialized neural substrates are important in the appraisal of di¡erent types of danger: the amygdala and hippocampus in the detection of physical threat (one sign of which is the display of fear by others), and frontostriatal regions in the evaluation of risk of 
